ABSTRACT
INTRODUCTION 30
Africa is estimated to contain 340,000 km 3 of intrusive igneous material based on geology maps 48 (Svensen et al. 2012) . Within the Northern Atlantic Margin, 560 -780 km 3 of igneous material has 49 been revealed from deep penetration seismic profiles along the continent-ocean transition (Roberts 50 et al. 2009 ). Additionally, in the Bight Basin, Southern Australia, 92 -111 km 3 of intrusive igneous 51 material was calculated from seismic mapping of 3D seismic data (Reynolds et al. 2018) . 52
Although it has been observed that the emplacement of igneous intrusions into a sedimentary 53 basin can result in localised forced folding of the overburden, host rock deformation and 54 compartmentalisation of sediments (Gibb & basins globally) would not be imaged due to the igneous intrusions being of a thickness significantly 63 below that needed to resolve in seismic reflection data. 64
To evaluate the impact of this additional igneous material on basin evolution we have 65 interpreted 143 igneous intrusions in 3D seismic datasets from the FSB and estimated the thickness 66 and total volume of intrusive material (Fig. 1) . The major findings of this work are: : (1) the total 67 volume of mafic intrusive igneous material within the study ranges from a minimum of 399 km 3 to a 68 maximum estimate of 2,300 km 3 ; (2) the distribution of this additional igneous material is highly varied 69 across the FSB, and ranges from 20 m (Southern Flett sub-basin) to over 1.8 km (Nuevo sub-basin); 70 (3) critically, the additional igneous material has resulted in an overestimation of sedimentary thickness 71 across large areas of the FSB; (4) basin modelling for the FSB should compensate for the over 72 thickening of the sedimentary fill by igneous material during sediment deposition and incorporate it at 73 the appropriate time. 74 penetrate basaltic igneous intrusions in the FSB) to calculate the thickness between the top and base 139 intrusion surface (Fig. 3) . 140
When an undrilled igneous intrusion is seen within seismic data as a tuned reflector, it is not 141 possible to determine the thickness precisely. Instead the upper and lower range of the intrusion 142 thickness can be defined. The maximum thickness of the intrusion is defined by the tuning thickness 143
(1/4 wavelength) since above this thickness, the top and base of the intrusion would become visible as 144 distinct seismic events, and the reflection would no longer be tuned. The minimum thickness of an 145 intrusion has been defined here by the detection limit of the seismic data (i.e. the thickness at which 146 the amplitude merges with the background), below which the intrusion would not be detected in the 147 seismic data (Fig. 3) . This therefore gives a maximum and minimum thickness range for intrusions 148
represented by a tuned reflector. 149
To determine the tuning thickness of the data and the limit of detectability, first the frequency 150 of the seismic data for the area of interest, and second, the depth where the intrusions occur, must 151 be ascertained. The dominant frequency was obtained for each individual intrusion imaged in the 152 seismic data. This allowed changes in dominant frequency, as a result depth of emplacement, 153 differences in the overburden and different surveys, to be accounted for across the study area. 154
Using the dominant frequency of the seismic data close to the intrusion and the average 155 interval velocity of the intrusions (determined from wells which encountered intrusions) the seismic 156 wavelength is calculated using the formula, λ = V/f, (λ: Lambda, seismic wavelength in m) (V: interval 157 velocity, in m/s), (f: seismic frequency in Hz) (Widess 1973 ; Simm and Bacon 2014). The limit of 158 detectability of seismic reflection data is variously quoted as being between λ/30 and λ/8, and the limit 159 of resolution is λ /4 (Widess 1973) . It is important to note that these limits are very much 'rules of 160 thumb' and are unique to any given seismic dataset, being affected by factors such as signal to noise 161 ratio, acquisition and processing (Eide et al. 2017b) . To ascertain what tuning thickness and 162 detectability limit to use for igneous intrusions mapped within this study we examined wells within 163 both surveys that penetrated both thick, seismically resolvable, and thin, unimaged intrusions.
For example, well 205/10-2B encountered 44 intrusions in total (determined from wireline 165 logs and formation logs), ranging in thickness from 1 m to 48 m. Based on the seismic data through 166 this well, only three of these intrusions are identifiable as discrete reflectors within the seismic data 167 (Fig. 4) . These intrusions are 36, 48, and 49 m thick respectively. However, the 36 and 49 m thick 168 intrusions are actually four closely spaced intrusions constructively interfering to produce a response 169 (Fig. 4) . The other 39 intrusions penetrated by the well are not detectable in the seismic data (Fig. 4) . 170
This suggests that within the seismic data alone, intrusions which are below 36 m in thickness are not 171
detected. 172
By applying the tuning wedge thickness method to intrusions detected in seismic at the 173 location of wells which encountered igneous intrusions we can test the viability of λ/4, λ/8 and λ/30 174 for assessing the thickness of intrusions in the seismic data, given we know the true and absolute 175 intrusion thicknesses from the well logs (Fig. 4) . Using well 205/10-2B as an example, at the location 176 of the well, the dominant frequency of the seismic data is 15.9 Hz in the region of the intrusion 177 penetrations. We calculate thicknesses for the igneous intrusions between the tuning thickness (λ/4) 178 as 86 m, and seismic detectability (λ/8) as 43 m or 11.5 m for λ/30. 179
From these results we determined that λ/4 for the tuning thickness and λ/8 for the limit of 180 detectability was the most suitable representation of what could be seen within the seismic data, as 181 the range of thickness λ/4 and λ/8 calculates for the tuned reflectors (i.e. 86 m and 43 m respectively) 182 is comparable to the true thickness of the imaged intrusions in the well (48m, 36 and 49m), indicating 183 that these methods accurately predict the upper and lower range of thickness of tuned reflectors in 184 the seismic data. (Fig. 4) . 185
Although λ/30 is often quoted as the limit of detectability within seismic reflection datasets 186 (Eide et al. 2017b), we found this would typically underestimate the thickness of the intrusions 187 considerably, compared with its true thickness in the well (Fig. 4) . In addition, the thickness estimate 188 that λ/30 provides would indicate that all 44 intrusions encountered by 205/10-2B should, in theory, 189 be detected in the seismic data, which is clearly not the case, as only three clear intrusive reflectors 190 are visible in the seismic data (Fig. 4) . This was also noted by Eide et al. (2017b) who observed thateven for good quality seismic data (such as that data used in this study) typical detectability limits of 192 λ/30 are unlikely due to factors such as signal to noise ratio and properly accounting for the complexity 193 of the subsurface velocity model during processing. 194
Having assessed the suitability of the tuning wedge model it is then possible to calculate a 195 range of thicknesses for each intrusion with λ/4 (tuning thickness) producing a maximum estimate and 196 λ/8 (limit of detectability) producing a minimum estimate. This thickness calculation assumes the 197 intrusion is one thickness in the seismic data, which is an obvious simplification, as from field 198 observations it is known that intrusions generally thicken and thin across their full body (e.g. However, in areas where igneous intrusions are imaged on seismic reflection data but without direct 210 well correlation, a methodology needs to be employed to take into account the thickness of seismically 211 unimaged intrusions. 212
For all six wells that penetrated igneous intrusions in the study area we have determine from 213 petrophyscial data and formation logs that there is a total thickness of 504 m of igneous material. 214
Some of this material has been discounted as the 205/10-5A well encountered a 90 m thick silicic 215 igneous intrusion which is not representative of the main FSSC, the majority of which consists of 216 basaltic material (Mark et al, 2017) . The total thickness of igneous material is therefore 414 m, of this, 217 177 m of this material is seismically resolvable. The remaining 237 m is not detected in the seismic 218 data, which gives a ratio of 1:1.4 for the amount of seismically detectable igneous material to 219 undetected igneous material. Figure 5 determines how we determined this ratio using the example of 220 the 205/10-2B well, which was then applied to all the wells that encountered igneous intrusions within 221 the study area. By using this relationship it could be argued that, for example, for a given 50 m thick 222 intrusion there is potentially another 70 m cumulative thickness of undetected intrusive material, in 223 the form of numerous <1-10's m thick sills. Figure 6 demonstrates the application of the 1:1.4 ratio 224 obtained from the well data to regions with no well penetrations to constrain how much igneous 225 material is potentially missing in the seismic data (Fig. 6) . 226
227

RESULTS
228
Overview of igneous intrusions in the study area 229 230
The mapped intrusions have an aerial extent of 10,500 km 2 . In total, 145 individual igneous intrusions 231 were interpreted across the study area ( to the preferential exploitation of argillaceous sequences (Mark et al. 2017 ). However, it should be 237 noted that due to the degradation in seismic quality below the Cretaceous sequences caused by the 238 numerous intrusions, the apparent drop in intrusion frequency in older strata (e.g. Jurassic) is 239 potentially a function of attenuation and a reduction in seismic bandwidth and the signal to noise ratio 240 of the data. 241
Across the study area, the majority of intrusions can be seen to occur within sub-basins, with 242 the greatest proportion of the intrusions seen within the Nuevo and Flett sub-basins, where heavily 243 intruded Upper Cretaceous sections are observable (Fig. 7) . The basinal highs typically have fewer 244 igneous intrusions. The Flett and Rona Ridges have abundant igneous intrusions, through sections, 245 likely due to their proximity to major bounding faults and lineaments (Schofield et al. 2015) .
Importantly, the wells that penetrated igneous intrusions were drilled on the basinal highs, and have 247 fewer numbers of igneous intrusions than the basins, based on seismic observations. 248
The morphology of the mapped intrusions is variable, with the majority of the intrusions having 249 a saucer-shaped morphology, similar to those outlined in Smallwood & Maresh (2002) 
Thickness and Volume Estimates for Imaged Igneous Intrusions 255
Using seismically imaged intrusions alone, thicknesses for 145 igneous intrusions were calculated. The 256 average thickness of all the intrusions in the study area for the maximum (λ/4) and minimum estimate 257 (λ/8) is 92 m and 42 m respectively (Fig. 7) . Based on these thickness estimates, apparent thickness 258 maps (isopach) for every mapped intrusion have been created across the full study area, which show 259 the cumulative thickness of igneous intrusive material for the minimum and maximum scenarios ( the maximum thickness estimates (λ/4), and as little as 500 m using the minimum estimate (λ/8) (Fig.  264   7) . In other regions of the study area where no intrusions have been imaged the cumulative thickness 265 maps show no igneous material. However, undetectable sills are likely to be present in these areas 266 (Fig. 7) . 267
For the volume of igneous material for each mapped igneous intrusion, we determined a range 268 of volumes based on the maximum (λ/4) and minimum (λ/8) thickness estimates. For the maximum 269 (λ/4) thickness estimate the volumes of the individual igneous intrusions ranges from 205 km 3 to 0.05 270 km 3 with an average volume of 6 km 3 . For the minimum (λ/8), thickness estimate the volumes of the 271 individual igneous intrusions ranges from 41 km 3 to 0.02 km 3 with and average volume of 2 km 3 . It is 272 worth noting that the upper ranges of thickness and volume is skewed by one anomalously thick and 273 laterally extensive igneous intrusion in the north of the study area which has an individual area of 1,002 274 km 2 , but is potentially much larger as its total extent is outside of the study area. The cumulative 275 volume of all the igneous material across the study area when taking the maximum and minimum 276 thickness estimates ranges from 399 -925 km 3 . 277
278
Thickness and volume estimates for imaged & the addition of unimaged igneous intrusions 279
Although the thickness and volume ranges calculated in the previous section can give a first order 280 approximation of igneous material within the FSB, they do not, as discussed in the methodology 281 section, take into account the thickness (and volume) of seismically undetectable igneous intrusions. 282
Using the ratio of 1:1.4 of imaged to unimaged intrusions, we have also created thickness maps 283 which show the cumulative thickness of intrusive igneous material, similar to the maps outlined above, 284 but scaled to account for unimaged igneous material (Fig. 7 ). For these cumulative thickness maps in 285 areas with multiple stacked intrusions, such as the Nuevo sub-basin, the cumulative thickness of 286 igneous material is as great as 850 m based on the mapped visible intrusions, however taking into 287 account unimaged intrusions our study implies there is potentially cumulative thicknesses of 2,000 m 288 (Fig. 7) . Figure 8 shows the intrusion thickness maps in the context of the basin structure 289 demonstrating the greater abundance of igneous intrusions in region such as the Nuevo sub-basin (Fig.  290 
8). 291
We have also determined a range of volumes based on the maximum (λ/4) and minimum (λ/8) 292 thickness estimates including the addition of the unimaged intrusions. The cumulative volume the 293 igneous material across the study area, taking the maximum and minimum thickness estimates plus the 294 addition of seismically unimaged igneous material, ranges from 957 -2,220 km 3 . 295
296
DISCUSSION
298
Accounting for the underestimations of igneous material 299 300
The cumulative thickness and volume of igneous material discussed is based on the mapping of 301 intrusions in seismic data and scaling this to account for the thin intrusions that cannot be detected in 302 seismic data. Utilising well logs to calibrate seismic interpretations across the study area our method 303 provides a good estimate of the range of igneous material thicknesses and volumes but it is still likely 304 to underestimate the total volume of igneous material within the basin due to factors such as vertical 305 to sub-vertical intrusions and intrusions with variable compositions (e.g. lower acoustic impedance 306 silicic intrusions). 307
The intrusions that have been mapped across the study area are all identified as horizontal to 308 sub-horizontal features, classifying them as sills. Vertical features, such as igneous dykes, are inherently 309 difficult to image in seismic data. However, field observations from other basins with igneous 310 Although these studies demonstrate that dykes are more abundant than sills, the dykes tend to be 315 much thinner and thus account for lower volumes of igneous material. 316 Mark et al. (2017) demonstrated in a study from the FSB that, based on well and seismic data 317 that there are rare occurrences of silicic intrusions (<10% based on well penetrations). These may be 318 underrepresented due to their lower density and compressional sonic velocities when compared to 319 mafic intrusions, meaning they are hard to image in seismic and well data (Mark et al. 2017 ). These 320 silicic igneous intrusions would result in additional igneous material, which cannot be accounted for, 321 further underestimating the amount of igneous material in the basin. 322 323
Comparison of total volume of intrusive material to previous estimates 324
Estimating the volume of igneous material in a basin has importance for understanding the magma 325 10,500 km 2 study area ranges from 399 km 3 to 2,405 km 3 including the minimum and maximum scaled 336 thickness data. Scaling the volume of intrusive igneous material calculated in this study to the same 337 area of the total NAIP from Eldholm & Grue (1994) produces volumes ranging from 4.9 x 10 4 to 2.9 338 x 10 5 km 3 . Despite our lower estimate than the previous work it is likely more accurate given that it 339 is linked to well data and previous studies were dependant on limited well data and sparse 2D seismic 340
data. 341
This study, when compared with research that also primarily focuses on the intrusive igneous 342 material volumes using a similar seismic method have comparable values for the volume of intrusive 343 igneous material. The study by Reynolds et al. (2018) for the Bight Basin, Australia, used a similar 344 technique and resulted in igneous volumes of 92-111 km 3 which are comparable considering the scale 345 of the study and number of intrusions in the study area, indicating that the technique also applied in 346 this study is producing valid volume estimates of igneous material. Planke et al. (2005) similarly 347 estimated the volume of intrusive igneous material from seismic data in the Vøring and Møre basins, 348 which contains an extension of the FSSC into the Norwegian Margin estimating study the volume of 349 intrusive igneous material to be in the region of 0.9 x 10 4 to 2.8 x 10 4 km 3 for an area of 80,000 km 2 . 350
Scaling the data from this study to the same area as the Vøring and Møre Basins study results in a 351 cumulative volume of igneous material ranging from 3.0 x 10 3 to 1.8 x 10 4 km 3 . The volumes are 352 considerably higher than the calculated volumes from the FSB study presented here, when scaled to 353 the same area as the Vøring and Møre basin study (Planke et al. 2005 ). This difference is potentially 354 due to differences in the techniques used to estimate the volumes in both studies. Planke et al. (2005) (Fig. 9) . (Fig. 9) . 374
This theoretically implies, that given a series of intrusions, emplaced at the same time at 375 different depths vertically within a basin, differential vertical uplift will occur. Deep seated intrusions 376 will jack up the overlying host rock by equal amounts to their thickness (see Eide et al. 2017a ), but at 377 shallow basin levels, a certain degree of magma volume could be accommodated by localised host rock 378 deformation, a mechanism termed 'differential vertical intrusion-induced uplift' by Eide et al. 2017a . 379
The exact transition depth where the host rock becomes incapable of deforming to 380 accommodate magmatic intrusions on a localised scale is difficult to estimate. However, the dominant 381 mechanical mechanism whereby emplacement of magma can be accommodated locally is likely via 382 collapse of any available pore space. 
During intrusion, a host rock's ability to deform to accommodate a volume of magma will also 393 be largely controlled by the ability to compact the host rock and cause further porosity reduction on work by Grove (2014) has shown that porosity reduction in sandstones surrounding igneous intrusions 404 is minor and the effects were detected at a maximum of 4 m from the igneous intrusion, indicating 405 that even in porous sandstones local deformation processes will only account for a minor amount of 406 intrusion accommodation. By calculating the paleo-depth of emplacement for the igneous intrusions 407 in the study area we can determine if host rock deformation or 1:1 uplift is the more dominant process, 408 which is important for understanding how the additional igneous material influences basin evolution. 409
The dominant intrusion accommodation process in the study area was derived from 410 decompaction to calculate the paleo-depth of emplacement for the igneous intrusions across the study 411 area and compare this with compaction curves for the host rock sediments. If the porosity of the host 412 rock sediments is significantly reduced, the ability for the intrusion to be accommodated by host rock 413 deformation is less and 1:1 uplift of the host rock would be the favoured mechanism. To calculate 414 this, we use porosity depth trends for shales (Fig.10) (Fig. 10) . 418
To determine the paleo-depth of emplacement we utilised a methodology from Smallwood & 419 intrusions, this implies that the porosity (and therefore the ability for the host rock to take up magma 427 volume addition) would have already been dramatically reduced prior to magmatic intrusion (Fig. 10) . 428
Specifically, at the paleo-depth of 867 m for emplacement of the lower Paleocene hosted intrusions 429 the host rock porosity is expected to be 12-45%, for the Upper Cretaceous hosted intrusions at 2,521 430 m the host rock porosity would be 4-25% and for Lower Cretaceous hosted intrusions the host rock 431 porosity would be 3-18%. At paleo-depths of ~2,500 m where a large majority of the intrusions occur, 432 the porosity of shale would be <10%, indicating that accommodation via host rock deformation would 433 have been minimal (Fig. 10) . Based on the calculation of the paleo-depth of emplacement we determine 434 that, little to none (<10%) of the intruded igneous volume within the study area would have been able 435 to be accommodated by localized host rock deformation processes. Therefore the emplacement of 436 magma must have been accommodated by uplift and thickening of the sequences into which they 437 intruded, as per the mechanism proposed by Eide et al. (2017a) . 438
439
Overestimation of the Cretaceous sedimentary fill due to igneous intrusions 440
If magma intruding into a basin cannot be accommodated by localized host rock deformation, this may 441 create a somewhat geologically unique scenario where a sedimentary unit or sequence can become 442 artificially thickened ('overthickened') post-deposition as a result of intrusion of large volumes of 443 igneous intrusions . This means that the present day thickness of sedimentary 444 sequences (e.g. Cretaceous) as mapped and ascertained from seismic data across a heavily intruded 445 sedimentary section, will appear to be thicker than originally deposited. In such a circumstance, to 446 determine the true thickness of the sedimentary unit prior to intrusion, the thickness of the intrusions 447 needs to be removed (Fig. 11 & 12) It is important to note that the thickness of the igneous material is not uniform across the 457 study area, with some regions having considerably more igneous material, even across relatively short 458 distances. For example the Nuevo sub-basin is heavily intruded in comparison to the Cambo High, 459 only 2 km away (Fig. 8) . This spatially non-uniform nature of intrusion thickness in sub-basins is likely 460 the result of the magma input zones as highlighted by Schofield et al. (2015) . This work also shows 461 that proximity to half-graben bounding faults results in greater number of intrusions, as these bounding 462 faults are acting as magma conduits for deep input into the basin. The Nuevo sub-basin is the most 463 heavily intruded sub-basin in the FSB due to a major Cretaceous-Paleocene fault on the south of the 464 Corona Ridge (Fig. 8) . This major fault was likely a long-lived magma conduit transferring vast amounts 465 of igneous material into the Nuevo Sub-basin. The difference in the abundance of igneous material 466 across the basin is important to consider as it implies that each sub-basin has a different evolution 467 through time and therefore must treated individually. 468
Recognition of the potential for a much thinner Cretaceous sequence has some major 469 implications. In particular it suggests that previous estimations of sedimentation rates in the FSB, can have on basin modelling and, in particular, the point at which underlying source rocks begin to 514 generate and expel hydrocarbons. 515
We propose that a new approach to basin modelling in basins with abundant igneous intrusions 516 is required. We have demonstrated that the total thickness of igneous material in the Cretaceous and 517 lower Paleocene can be as great as >2 km in some parts of the study area. The intrusions could result 518 in overestimation of the implied Cretaceous sedimentation rates and thus overburden thickness, which 519 is the key control influencing source maturation. In the Nuevo sub-basin, where the thickest 520 accumulation of intrusions occurs, the mapped thickness of the Cretaceous is 4.5 km but with as much 521 as 2 km of igneous material. This is critical for basin modelling, as a thicker Cretaceous and lower 522
Paleocene at the time of deposition will result in greater burial of the underlying KCF source rock and 523 therefore earlier onset of hydrocarbon generation. Alternatively, if one restores the basin to its true 524 thickness at the time of deposition, prior to emplacement of intrusions, the onset of generation could 525 occur later. Future hydrocarbon generation modelling across the whole of the Atlantic Margin (and 526 over global basins) should fully account for overthickening, including the greater thickness of igneous 527 material in the basinal areas. 528
529
CONCLUSIONS
531
This study demonstrates that with 3D seismic data it is possible to estimate the thickness of igneous 532 intrusions and estimate the total volume of igneous material in a basin. By estimating the amount of 533 intrusive igneous material in the basin, the findings and implications for basin evolution can be 534 summarised as follows: 535  This study shows that for the FSB the cumulative thickness of igneous material within 536 sedimentary sequences in different sub-basins can be as great as 2 km. 537  The volume of igneous material ranges from 399 -22205 km 3 , which is comparable to similar 538 seismic based volume estimates, but also highlights that previous studies have overestimated 539 the volume of intrusive igneous material due to less thorough methods, than outlined in this 540 study. 541  At the paleo-depth of emplacement for the intrusions in this study, there is reduced porosity 542 in the host rocks due to burial compaction. With limited porosity, we determine that the 543 accommodation process for the igneous intrusions in the study area is 1:1 uplift of the host 544 rocks ('Jacking-Up' structures) to accommodate the igneous intrusions. MultiClient GeoStreamer data and for granting permission to publish this work. Seismic interpretation 572 was carried out using Schlumberger Petrel software. Well log analysis was carried out using 573 in seismic versus the intrusions in the well which are unresolvable in the seismic data c), this produces 841 a relationship of 1:1.6 for intrusions which can be imaged vs intrusions which are unimaged. Taking  842 this workflow and applying it to all the wells within the study area produces a relationship of 1:1.4 for 843 intrusions which can be imaged vs intrusions which are unimaged. Using this relationship it is possible 844 to infer the amount of additional igneous material in seismic where there is no well data. Seismic data 845 is courtesy of PGS (FSB MegasSurvey Plus). 846 
